Future applications of antiferromagnets (AFs) in many spintronics devices rely on the precise manipulation of domain walls. The conventional approach using static magnetic fields is inefficient due to the low susceptibility of AFs. Recently proposed electrical manipulation with spin-orbit torques is restricted to metals with a specific crystal structure. Here we propose an alternative, broadly applicable approach: using asymmetric magnetic field pulses to induce controlled ratchet motion of AF domain walls. The efficiency of this approach is based on three peculiarities of AF dynamics. First, a time-dependent magnetic field couples with an AF order parameter stronger than a static magnetic field, which leads to higher mobility of the domain walls. Second, the rate of change of the magnetic field couples with the spatial variation of the AF order parameter inside the domain and this enables synchronous motion of multiple domain walls with the same structure. Third, tailored asymmetric field pulses in combination with static friction can prevent backward motion of domain walls and thus lead to the desired controlled ratchet effect. The proposed use of an external field, rather than internal spin-orbit torques, avoids any restrictions on size, conductivity, and crystal structure of the AF material. We believe that our approach paves a way for the development of new AF-based devices based on controlled motion of AF domain walls.
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Antiferromagnets (AFs) are considered perspective materials for spintronic applications: they exhibit fast magnetic dynamics with excitations in the THz range, are fundamentally insensitive to external magnetic fields, and produce no stray fields. [1] [2] [3] One of the further advantages of AFs, important for fast switching between different states, is related with the motion of domain walls (DWs). In contrast to ferromagnets (FM), the dynamics of AF DWs shows no Walker breakdown. Thus, the DW velocity is only limited by the group velocity of spin waves, which is of the order of tens of km/s (e.g., 40 km/s for NiO). This is orders of magnitude larger than the typical velocities in FM, where the Walker breakdown limits the achievable velocities, and also larger than velocities in synthetic AFs. 4 However, the manipulation of AF DWs faces significant difficulties. In particular, 180
• AF domains are indistiguishable even in the presence of a constant homogeneous magnetic field. So, in contrast to FMs, an applied external field cannot move the 180
• AF DWs at all. In addition, coupling between the external magnetic field and the AF order parameter (Néel vector) is suppressed due to the strong exchange coupling between the magnetic sublattices. In this case typical values of fields necessary to produce any noticeable shift of the DW are of the order of the spin-flop field and range 1-10 T.
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Recently the possibility to move DW in an AF with the help of a staggered Néel spin-orbit torque was demonstrated in Ref. 6 . While this mechanism can be very effective, its application is restricted to metals that have a broken local inversion symmetry, which the vast majority of the AF systems do not have. Furthermore, manipulation using regular spin-orbit torques has been shown to be restricted to specific DW types, sample geometry and AF spin structure configuration, which narrows the applicability of these torques. Finally, recent calculations predict that temperature gradients can move the AF DWs in metals and isolators as well. 8, 9 However, manipulation of the DWs using this mechanism is restricted to one-directional motion and is yet to be observed. Hence, at present there is no broadly applicable approach to manipulate AF DWs.
In this Letter we develop such a broadly applicable approach to manipulate AF DWs based on the use of asymmetric magnetic field pulses. We show that this approach is highly efficient for devices as it enables to attain high DW mobilities, to induce synchronous motion of multiple DWs and to control the DW displacement through a ratchet effect.
We compare the dynamics of AF DWs induced by static and by time-dependent magnetic fields and show that a time-dependent field produces a larger effective force than its static counterpart. This difference originates from the strong exchange field which reduces the magnetic static susceptibility. Our results show that the force produced by the rate of change of the magnetic field arXiv:1608.05967v1 [cond-mat.mtrl-sci] 21 Aug 2016 will move DWs with similar structure in the same direction. In contrast, the force produced by a static magnetic field is independent of the DW structure and induces a shrinking and disappearance of unfavourable domains. We find the conditions for ratchet-like motion by calculating the critical rate of magnetic field that overcomes a static friction force. We also propose an optimal configuration to implement controlled DW motion for the archetypical AFs Mn 2 Au and NiO. We consider the generic case of a compensated AF with two magnetic sublattices with magnetizations M 1 and
The metallic Mn 2 Au and the isolating NiO are good examples of such AFs.
The magnetic structure of an AF texture can be explicitly decribed in terms of the AF (Néel) vector L = M 1 − M 2 which is considered as a field variable, L(r, t). The closed equations of motion for AF vector 10-12 have the following form:
(1) In Eqs. (1) we introduced the magnon velocity c which coincides with the limiting velocity for the DW motion, γ is the gyromagnetic ratio, and w an is the density of magnetic anisotropy energy which depends upon the crystal structure. The effective field H ex parametrizes the exchange coupling between the magnetic sublattices. The last term in the r.h.s. of Eq. (1) describes viscous damping parametrized by the Gilbert constant α G .
The vector T in the r.h.s. of Eqs.
(1) describes the effective forces (torques) induced by the external magnetic field H:
In many practical cases the shape of the moving DW does not change or changes slightly. So, the DW can be considered as a point particle, whose dynamics is described by only two vectors: the generalized momentum P and its canonically conjugated coordinate R (position of the DW center). The dynamics of Eq. (1) can then be reduced to a standard equation for a point mass:
where F is the resulting external force, and the first term in the r.h.s. is analogous to viscous damping with relaxation time τ relax = 1/(γα G H ex ). Equation (3) is derived from the original Eq. (1) in the following way. First, we define the DW momentum P as an integral of motion related with homogeneity of space:
Here L (0) (r, t) is a solution of Eq. (1) in the absence of a field (T = 0) and damping (α G = 0). Second, we assume that L(t, r) = L (0) (t, r − R). Finally, calculating explicitly the time derivative of Eq. (4) and taking into account Eq. (1) we obtain Eq. (3).
Among the forces, acting on the DW, we specify three types, essential for our consideration, F = F pond +F diss + F fric . The first one is the ponderomotive force
It stems from the difference in energy density between the left (Néel vector L 1 ) and right (Néel vector L 2 ) AF domains and is directed along the normal to the DW plane, n (see, e.g. Fig. 1 ). The ponderomotive force is proportional to the square of the magnetic field. Its value is weakened due to the strong exchange coupling between the magnetic sublattices. In addition, this force is insensitive to the structure of the DW itself and acts equally on the Bloch-like and Néel-like DW. The second force is dissipative and it is given by
It is induced by the time-dependent component of the magnetic field and is sensitive to the relative orientation of the the external field and AF vectors inside the DW, i.e. the DW structure. This force is maximal if the magnetic field is perpendicular to the (L 1 , L 2 ) plane, see, e.g. Fig. 2 . In spite of the small factor 1/H ex , the dissipative force can be larger than F pond , especially for high frequencies. Moreover, in contrast to F pond , the dissipative force can move 180
• domain walls. Lastly, the third force is a friction force, F fric . It is related to the magnetic defect distribution within the crystal and pinning strength of the defects. We consider this force as a static friction force which defines a threshold for the dynamics. This force is sample-dependent and can be estimated from the coercitivity. In the calculations below we take it to be 10% of the spin-flop field.
The important difference between the ponderomotive and dissipative forces is illustrated in Fig. 1 , where we consider a stripe AF domain structure. The ponderomotive force is directed from the favourable domain (with lower energy density) to the unfavourable. So, in a stripe structure adjacent DWs move in opposite directions, thus shrinking the fraction of unfavourable domains. Contrary to this, the orientation of the dissipative force depends upon the AF DW structure. So, all the DWs with the same chirality move in the same direction. Thus, the application of a time-dependent field provides an effective tool for manipulating AF-domains in an AF-based race-track type memory.
We next analyse the dynamics of AF DWs through Eq. (3). We consider the simple case of a tetragonal AF (e.g. Mn 2 Au) and 90
• domain structure with orthogonal AF vectors in neighboring domains, L 1 ⊥ L 2 . In this case the optimal orientation of the static magnetic field, H dc , which produces the ponderomotive force, is parallel to one of the Néel vectors, e.g. H dc L 1 (see Fig. 2 ). On the other hand, the optimal orientation of the time dependent field, H ac , is related to the DW type.
In a thin film the AF vectors inside the DW rotate within the film plane and the DW is of a Néel type. For this case, the most efficient H ac is perpendicular to the film plane (Fig. 2a) . In a bulk sample, a Bloch wall is also possible and the most efficient H ac is perpendicular to the DW plane (Fig. 2b) . In both geometries H ac ⊥ H dc and thus the time-dependent component does not contribute to the ponderomotive force.
Although H dc and H ac fields have different orientations, the corresponding forces, F pond and F diss , are both parallel to the DW normal.
The time dependent component of the magnetic field allows one to manipulate the AF DW motion in a very effective way. To illustrate this fact, we start from the constant (time-independent) forces produced by H dc and steadily increasing/decreasing H ac . The velocity of the steady motion is
as can be obtained from Eq. (3) . Here H an is the anisotropy field.
Contributions of the time-dependent and the static component to v steady are compared in Fig. 3 . For the calculations we use field values H ex =1400 T, H an =30 mT typical for AFs with high Néel temperature (like Mn 2 Au 14,15 and NiO 16 ). We set the AF magnon velocity c = 30 km/s. As the damping parameters of metals and insulators are different, we take α G = 10 −4 for insulating NiO 17 and α G = 10 −3 for metalic Mn 2 Au. These values correspond to relaxation times τ relax = 50 ps and 5 ps, respectively. The friction force per unit DW area is taken 9 N/m 2 which corresponds to an effective coercive field of 0.1 T. Fig. 3 shows that the mobility (= dv/dH) of the DW in an ac field is much higher than in the static field and an amplitude value H ac =1 T is enough to reach the limiting velocity. However, a practical fast increase of the magnetic field is only possible on short time scales and up to a limited amplitude of H ac . These facts exclude monotonously varying H ac as a useful tool for DW manipulation.
A more experimentally realistic alternating (cos-like) field H ac ∝ cos(ωt) can only induce oscillations of the DW with zero permanent displacement by drift. The green line in Fig.4 (left axis) shows the displacement of the DW induced by a symmetric field pulse. For all pulses we have taken the time between rise and fall times to be 700 ps and field amplitude H ac =10 mT. During the rising edge and falling edge periods of the pulses, the DW moves in opposite directions with exactly the same velocity (Fig.4(right axis) ), resulting in zero displacement.
Nonzero displacement can be achieved with an asymmetric pulse, as illustrated by the magenta (fall time 100 ps) and blue (fall time 200 ps) lines in Fig.4 . The corresponding asymmetry of the velocity during the raising and falling intervals (Fig.4 (b) ) is due to the frictional force. Friction sets a threshold for the DW depinning and prevents DW motion for small field ratesḢ ac . As a result, the velocity of backward motion diminishes with increasing fall time. At some critical value of fall time the backward motion of the DW is blocked (blue lines in Fig.4 ) and the displacement of the DW is maximal.
The maximal DW displacement during the pulse depends upon the relation between risetime τ raise and relaxation time of the DW, τ relax . For a given material (fixed relaxation time) the optimal rising time is close to τ relax . For a given experimental technique (fixed raise time) a longer relaxation time is preferable (magenta vs blue lines). Note, that a small relaxation time is typical for the metallic systems like Mn 2 Au, while a large τ relax is more typical for insulators like NiO.
Although the displacement of a DW during one pulse is limited by the internal damping, the friction, and the attainable pulse parameters, a DW can be moved to any distance by a periodic set of pulses, as shown in Fig. 5  (b) . The average velocity of such rachet-like motion (in this example is 0.44 m/s), can be controlled by a proper choice of the pulse duration and the interval between the pulses. To attain maximal velocity, the time between rise and fall times should be minimized (white range in Fig. 5 ). We also note that this type of ratchet force is different from its counterpart in FM materials, where an oscillating motion is induced instead.
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In summary, we exploit the use of asymmetric field pulses to displace AF DWs. We ascertain that asymmetric sawtooth-shaped pulses of the magnetic field in combination with the natural defect-induced static friction enable unidirectional controlled rachet-like motion of an AF DW. This mechanism is broadly applicable to many different types of AF materials and can induced synchronous motion of multiple domain walls as required for applications.
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